Abstract-The results of researches of asynchronous electric drives with the frequency control which are carried out for the purpose of establishment of causes and effect relationships between a control method, the implementable standard frequency converter of the Schneider Electric company (ATV-71, ATV-32) and its efficiency are given in article. The tests with asynchronous motors with a wound rotor were for the first time carried out. It allowed registering the instantaneous values of not only the stator currents, but also of rotor currents during the experiments. The authors for the first time applied a spectrum analysis of stator and rotor currents which showed that a «sensorless vector» control leads to the origin of high-frequency harmonicas with the considerable amplitude resulting in the nonsinusoidal form of the created moment and inefficiency of the electric drive. The accelerations that are carried out during the research to 94, 157 and 251 Rad/s confirmed this feature of vector control that appears incapable to linearize the asynchronous electric drive as it was supposed by the authors of the method. These results do not contradict theoretical provisions if not to neglect the assumptions which usually arise in case of an output of the equations of vector control. Unfortunately, the modern researchers do not subject these assumptions to doubts. The comparative tests conducted according to the proposed method are presented. The possibility of linearizing the scalar and vector controls with the introduction of a positive dynamic coupling with respect to the stator current was investigated in these tests. The continuous studies make it possible to create effective frequency management for asynchronous electric drives required for a current technology.
I. INTRODUCTION
Despite the widespread use of AC electric drives with the frequency control in the industry, theoretical problems remain much. This particularly applies to the implementation of vector control in electric drives with synchronous and asynchronous electric motors Most articles and papers on vector control [1, 4] are devoted to the description of control algorithms, their advantages and superior characteristics. The complexity of this control method associated with possible errors in generating the control signals are given in these references generally without specific results, methods studies, recommendations for their elimination and any alternative solutions. The operation of the particular industrial drives [1] also rarely touch upon vector control algorithms, because the obtained results may be due to different causes. Furthermore, it should be noted that the control structures of frequency converters of the most wellknown manufacturers typically are not disclosed in the documentation on these converters. In this regard, the introduction of asynchronous electric drives in industrial machinery requiring high accuracy of maintaining speed or good dynamics of processes require serious research work.
II. PROBLEM DEFINITION
Numerous articles and monographs dedicated to these systems describe methods of their implementation, control algorithms, software etc., but usually give just a vague idea of relevant problems -inaccuracies of the dynamic equations [1] , possible mismatch of the equations of model put in control devices, bulkiness of control algorithms, etc. Practically there are no results of experiments showing mismatch and recommendations about overcoming these problems.
Previously conducted pilot studies showed how operation of sensorless vector control is influenced by external loadings of the moment [2] . But even in these studies it was not possible to establish a clearer cause-and-effect relationship between the control algorithms and the operation of the drive. One of the reasons is a limited information about the processes in a squirrel cage motor; usually these are speed signals from the encoder, the amplitude value of the stator current and the coordinates calculated by the frequency converterelectromagnetic moment M, power P, stator current I, etc. As the structure of model on which these variables are calculated is unknown, it is impossible to consider them authentic (except U, I, f). Instantaneous values of the stator current "filled" with a high frequency are not very informative [15, 16] . The experiments on the stand with two asynchronous motors of different types controlled by frequency converters show that the advantages of vector control over scalar are not always so obvious as in guidelines and advertising articles.
III. MAIN PART
A new information necessary for understanding the processes in frequency-controlled drives may be obtained using a motor with a slip-ring rotor whose current circuits have been installed in the rotor circuits. Schematic diagram of the drive with the slip-ring induction motor is shown in Figure 1 . In addition to the asynchronous motor with a slip-ring rotor (M1), the stand includes the ATV-71 frequency converter from Schneider Electric (UZ1), the speed data were obtained from an encoder (BR) located on the motor shaft. The drive parameters were recorded with a USB oscilloscope (PG) Hantek DSO-2090 and displayed on a personal computer screen.
The stand allowed us to obtain synchronous diagrams of speed and current of the rotor or stator and with the help of software to conduct spectral analysis of these signals.
Before proceeding to the description and analysis of the results of the experiment, let us note once again the possible cause of vector control problems. It is sufficient to consider the basic equations of the mathematical description of an induction motor, which are used to compose vector control algorithms. So, to analyze the operation of an asynchronous motor, most specialists [1, 3, 4 ] use Park's model of a generalized electric machine [9, 12] .
There are many reasons for the problematic nature of vector control [2, 3, 4, and 7] . Let's mention some of them:
1 The model of the control unit contains links whose parameters are not exactly the same as the parameters of the engine and the mechanism. This leads to control errors that vary depending on the engine speed (or the frequency of the supply voltage).
2 The classical structure of vector control does not take into account external perturbations and transient processes. Errors in the calculation of control signals increase sharply in drives operating under variable load [5] .
3 Vector control "spreading" control on the D and Q axes does not allow to influence the components of other harmonics in the signals of currents or voltages. Since the very concept of "vectors" implies one harmonic component. It is very difficult to give a numerical estimate of all these factors, so a series of experiments was conducted to evaluate them [9, 11, and 13] . This experiment is very well confirmed.
Our assumption that the analysis of processes in the rotor of an asynchronous motor will allow us to approach this problem is based on the fact that the processes in the rotor are essentially low-frequency, with respect to the stator processes, therefore they are more informative.
The engine starts up to various speeds -94, 157, 251 Rad / s, which corresponds to the frequencies of the supply voltage of 30, 50 and 80 Hz. Figures 2-4 show velocity diagrams (A), stator currents (B) and rotor (C) and their spectra (D, E) with scalar control. The spectrum of stator currents contains the fundamental frequency corresponding to the rotational speed of the motor, especially with scalar control. The spectrum of rotor currents under scalar control lies in the low-frequency range, determined by slip and mechanical processes (Fig. 8) [6, 7, and 8] . In the spectrum of rotor currents, in the vector control, highfrequency components appear that are much higher than the spectrum of mechanical processes (Fig. 9) and form the pulsations of the moment and contribute to the inefficiency of the drive. In some cases, these pulsations also appear in the spectrum of stator currents. It follows from these figures that when accelerating to velocities higher than 125 Rad/s in the rotor current signals, high-frequency harmonics appear in the vector control, which would not appear if the processes were described by equations similar to (1) -(4), I.e. close to linear. It is obvious that the appearance of these high-frequency harmonics in rotor currents is due to their presence in stator currents, which, despite the high carrier frequencies, are barely noticeable, but in some cases (see Figures 6B, 6D, 7B and 7D ) and the nature of this manifestation depends on the settings of the drive.
In the course of earlier studies [10, 14] , a dynamic positive stator current coupling was proposed as a structural solution improving the performance of an asynchronous electric drive. It is shown that this connection makes it possible in the sensorless control scheme to compensate for loads in a wide range of speed control. In order to test the assumption of the "linearity" of the drive with such a connection, additional tests were carried out according to the above procedure. At frequencies of 10, 30 and 40 Hz, which correspond to rotational speeds of 31, 94 and 125 rad / s. Electric drive starts and load skips were made, instantaneous values of rotor currents and rotor speed were recorded. Spectral analysis of the rotor current signals was carried out. Two spectra of signals are obtained-a steady-state value, and in the transition from the idle current to the steady-state velocity under load. In the spectra, signals corresponding to the rotational current frequency before and after the transition and other components are singled out. Since all experiments were carried out at the same initial velocity for the same load. The magnitude of the signal corresponding to the fundamental frequency indicates the degree of linearity of the processes in the rotor. The examples of the spectra of reaction of electric drive with scalar control without feedback and with positive stator current feedback on step loading and static loading are presented on the figures 10-13. The examples of the spectra of reaction of electric drive with vector control on step loading and static loading are presented in the figure 14. The table 1 shows the values of the signal of the fundamental harmonic when operating at different speeds.
Comments on experiments-
• At a frequency of 10 Hz (31 Rad/s), the highest linearity is for processes with scalar and vector control without positive stator current feedback and without transients, i.e. In the source system. This is correct, since vector control tends to linearize blood pressure and without it loads and transient processes it succeeds. With positive stator current feedback, this linearity decreases, and under load -even more even very much.
• In electric drives with scalar control, the linearity is somewhat smaller, which is improved by the positive stator current feedback and is retained during load surges, and is retained during the transient process.
• At frequencies of 30 Hz (94 Rad/s) and 40 Hz (125 Rad/s), the picture is similar, only vector control does not always have better linearity than the scalar and initial state, i.e. Without positive stator current feedback, but in the scalar version, the positive stator current feedback significantly improves linearity, and especially at a reference frequency of 10Hz (31 Rad/s)
• Circular control with positive stator current feedback has the same linearity at idle, under load and during transient. As expected, a dynamic positive coupling «linearizes» an asynchronous drive with frequency control.
IV. CONCLUSION
Thus, the analysis of these experiments confirms the assumption that the observation of rotor currents makes it possible to accurately establish the mechanism for the occurrence of vector frequency control problems in asynchronous motors. It should also be noted that the proposed method of spectral analysis of processes in currents turns out to be very promising. Further studies of nonlinear processes in drives based on the proposed methods will allow us to analyze the causes of their origin and methods for their compensation.
